Using FMN and a reducing agent such as NAD(P)H, type 2 isopentenyl-diphosphate isomerase catalyzes isomerization between isopentenyl diphosphate and dimethylallyl diphosphate, both of which are elemental units for the biosynthesis of highly diverse isoprenoid compounds. Although the flavin cofactor is expected to be integrally involved in catalysis, its exact role remains controversial. Here we report the crystal structures of the substrate-free and complex forms of type 2 isopentenyl-diphosphate isomerase from the thermoacidophilic archaeon Sulfolobus shibatae, not only in the oxidized state but also in the reduced state. Based on the active-site structures of the reduced FMN-substrate-enzyme ternary complexes, which are in the active state, and on the data from site-directed mutagenesis at highly conserved charged or polar amino acid residues around the active site, we demonstrate that only reduced FMN, not amino acid residues, can catalyze proton addition/elimination required for the isomerase reaction. This discovery is the first evidence for this long suspected, but previously unobserved, role of flavins just as a general acid-base catalyst without playing any redox roles, and thereby expands the known functions of these versatile coenzymes.
Flavins are generally regarded as redox coenzymes because their primary function in redox-catalyzing flavoenzymes is donation and/or acceptance of electrons (1) . As summarized in a review article (2) , the redox activities of flavins also take part in the flavoenzymes that catalyze reactions with no net redox change. Most of these enzymes are thought to have redoxbased mechanisms, whereas flavins have only structural or stabilizing roles in a few exceptions. Recently, however, a report on UDP-galactopyranose mutase unexpectedly showed that flavin can act as a nucleophilic catalyst (3, 4) . In UDP-galactopyranose mutase, a sugar carbon undergoes nucleophilic attack by the N-5 nitrogen of reduced FMN, concomitantly with the dissociation of UDP, forming an adduct intermediate. In this reaction, the flavin cofactor has no redox function because it is continuously in the reduced state.
Type 2 isopentenyl-diphosphate isomerase (IDI) 4 is the flavoenzyme that catalyzes the interconversion between isopentenyl diphosphate (IPP) and dimethylallyl diphosphate (DMAPP) that occurs with no net change in redox status (5) . Both compounds are fundamental units for the biosynthesis of isoprenoids, a diverse family of Ͼ50,000 metabolites (6) . Type 2 IDI requires FMN, NAD(P)H, and Mg 2ϩ to be active; however, NAD(P)H is used only for the reduction of FMN and can be replaced with Na 2 S 2 O 4 (7) (8) (9) . The observation that reduced FMN is required for type 2 IDI activity allowed for development of various plausible reaction mechanisms, including redoxbased mechanisms. Based on the traditional interpretation of the results from the experiments that used cofactor analogues such as 5-deaza-FMN, radical-mediated mechanisms were proposed at first, negating both the hydride transfer mechanism and the merely structural role of FMN (7, 8) . However, the study using "radical clock" substrate analogues (10) disproved the radical mechanisms, suggesting that the inactivation of type 2 IDI reconstituted with 5-deaza-FMN should be reconsidered with a modern interpretation. Moreover, the measurement of deuterium kinetic isotope effects (11) strongly supported the non-redox protonation-deprotonation mechanism, which is also utilized by type 1 IDI (12) . Type 1 enzymes, which are present in nearly all eukaryotes and some bacteria, have no sequential homology with type 2 IDI, which is found in almost all archaea and many bacteria (13) . In type 1 IDI, isomerization proceeds via formation of a 3°carbocation intermediate, and conserved cysteine and glutamate residues act as the general acid or base to mediate (1,3)-antarafacial proton addition/elimination. Hence, there are two possible roles of reduced FMN in type 2 IDI: 1) reduced FMN itself acts as the general acid-base catalyst; and 2) protonation and deprotonation are catalyzed by amino acid residues, and reduced FMN stabilizes the intermediate. The N-5 nitrogen of FMN must be integrally involved in both mechanisms. Although the pK a values of reduced flavins are within the physiological pH range (14, 15) , there has been no definitive report on the flavoenzymes in which flavin only acts as a general acid-base catalyst without having any redox function. Recent studies of type 2 IDI using substrate analogues such as 3,4-epoxy-3-methylbutyl diphosphate (eIPP), which form adducts with FMN, suggest the possibility that FMN N-5 may act as a general acid or base (10, 16, 17) . Based on what is known about the mechanism of UDP-galactopyranose mutase, this theory seems plausible. However, the absence of crystal structures of enzyme-substrate complexes inhibits complete understanding of the role of reduced FMN in type 2 IDI reactions.
Here, we report the crystal structures of the substrate-enzyme complexes of type 2 IDI isolated from a thermoacidphilic archaeon, Sulfolobus shibatae, in both the oxidized and reduced state. Combined with results from mutagenic studies that targeted the highly conserved residues, the structural data showed that reduced FMN acts as the general acid-base catalyst.
EXPERIMENTAL PROCEDURES
Enzyme Purification-The plasmid for the expression of (His) 6 -tagged S. shibatae IDI, pET-idi (18) , was introduced into the Escherichia coli BL21(DE3) strain. The transformant was cultivated in L medium containing 50 mg/liter of ampicillin until cells reached the early stationary phase. The recombinant enzyme was purified with heat treatment at 55°C for 30 min and a HisTrap column (GE Healthcare) as described previously (18) . For crystallization, the enzyme was loaded on a HiLoad 16/60 Superdex 200 column (GE Healthcare) and eluted with 10 mM Tris-HCl (pH 7.7), containing 1 mM EDTA, 10 mM ␤-mercaptoethanol, and 0.15 M NaCl.
Crystallization-IDI crystals were grown at 20°C using the sitting-drop vapor-diffusion method with a reservoir solution containing 0.1 M Tris-HCl (pH 8.0), 0.2 M sodium citrate, and 30% (v/v) polyethylene glycol (PEG) 400. The native crystals were used in the analysis of the substrate-free structure. Crystals for the analysis of the reduced substrate-free structure were obtained by soaking the native crystals in the reservoir solution containing 32% (v/v) PEG 400 and 10 mM NADH. Substratecomplex structures were obtained from the crystals that had been soaked for 1 h in the reservoir solution containing 32% (v/v) PEG 400 and 5 mM IPP or 10 mM DMAPP. Crystals for the analysis of the reduced substrate-complex structures were obtained by the addition of an appropriate amount of Na 2 S 2 O 4 to the soaking solution containing the substrate.
X-ray Data Collection, Structure Solution, and RefinementAll data sets were collected on beamline BL-5A at the photon factory (KEK, Tsukuba, Japan). Complete data sets were collected over contiguous rotation ranges at a given wavelength before proceeding to the next wavelength, and were processed and scaled with HKL2000 (19) . Data collection statistics are summarized in Table 1 . All data sets belonged to space group P43212 with four molecules per asymmetric unit. The IDI structure was solved with Os-derivative crystals using the multi-wavelength anomalous diffraction method. Os-derivative crystals were obtained by soaking the native crystals for 12 h in the reservoir solution containing 1 mM OsCl 3 . Initial phases were determined using the SHARP program (20) . Phase improvement by density modification was performed using the program, DM (21) . The structure was built using Coot (22) and refined using Refmac (23) , with 5% of the data set aside as a free set. During subsequent refinement, the Os-derivative data set was replaced with native data sets. NCS restraints were applied to 4 subunits through refinement. FMN, IPP, and DMAPP models were fitted into the substrate-binding sites based on the difference electron density map (supplemental Fig. S1 ).
Mutagenesis-Alanine-substitution mutations were introduced into pET-idi using a QuikChange Mutagenesis Kit (Stratagene) and oligonucleotide primers indicated in supplemental Table S1 . The IDI assay for the mutants was performed as previously described (7).
CD Spectroscopy-CD spectra of the enzymes were analyzed using a J-720WI spectropolarimeter (JASCO, Japan).
NADH Oxidase Assay-NADH oxidase activity of wild-type and mutated S. shibatae IDIs were measured using previously described methods (7) .
Preparation of Apoenzymes-Preparation of apo forms of wild-type and mutated S. shibatae IDIs was performed using overnight dialysis under the conditions described previously (7) . If IDI activity remained after the first dialysis step, the enzyme was dialyzed again for 48 h. After complete loss of activity, the dialysis buffer was changed to 10 mM Tris-HCl (pH 7.7), and dialysis was continued overnight. Complete removal of FMN also was confirmed by the disappearance of the peak at ϳ450 nm from the absorption spectrum of the enzyme solution measured with a UV-2450 UV-visible spectrophotometer (Shimadzu, Japan).
Measurement of Dissociation Constants for IPP and FMNThe K d for IPP was determined from the change in fluorescence intensity resulting from intrinsic tryptophan residues, which results from binding of the substrate to the enzyme. The fluorescence excitation and emission wavelengths were 295 and 350 nm, respectively. Five hundred l of purified enzyme solution containing 25 mol of sodium succinate buffer (pH 6.0), 0.5 nmol of the purified enzyme, 5 nmol of FMN, and 1.25 mol of MgCl 2 was titrated with 10 mM IPP, and the fluorescence intensity measured at each point of titration with a F-4500 fluorometer (Shimadzu, Japan). The fluorescence intensity (F) and the concentration of IPP ([L]) were corrected for the increase in the volume of the solution. The data were plotted (F versus [L]) and fitted using the equation below. The hypothetical final fluorescence intensity is the value to which F would converge if unlimited amounts of IPP were added to the reaction. K d and ⌬F, the difference between the initial fluorescence intensity (F i ) and the hypothetical final fluorescence intensity, were set as variable parameters. Kaleidagraph (Synergy software) was utilized for data plotting and equation fitting.
To measure the K d for FMN, apoenzyme that had been prepared as described above was used. 
RESULTS
Overall Structure-We obtained six distinct types of S. shibatae type 2 IDI crystals: substrate-free IDI (termed "FreeIDI"), complexes with IPP ("IPP-IDI") and DMAPP ("DMAPP-IDI"), the substrate-free reduced form ("FreeIDI red "), the IPP-complex in the reduced state ("IPP-IDI red "), and the DMAPP-complex in the reduced state ("DMAPP-IDI red "). The structure of FreeIDI was solved using the multiple wavelength anomalous diffraction method with the Os-derivative, and then the structures of each type of crystal were refined. The refinement statistics and model quality parameters are listed in Table 1 . Of 368 residues, the following were not visible in the electron density and were probably disordered: 12 residues (N-terminal, 8 residues; C-terminal, 1 residue; and residues Gly 69 to Arg 71 ) in the FreeIDI form; 7 residues (N-terminal, 6 residues; and C-terminal, 1 residue) in the FreeIDI red form; 4 residues (N-terminal, 2 residues; and C-terminal, 2 residues) in the substrate-complex forms.
In all crystal types, the asymmetric unit contains four monomers that are related by a non-crystallographic 4-fold rotation, which is regarded as the tetrameric state of S. shibatae IDI in solution (18) . As shown in Fig. 1, A and B, each monomer contains a regular triose-phosphate isomerase barrel structure (or ␣8␤8 barrel: ␣3, ␣5, ␣7, ␣9, ␣10, ␣13-␣14, ␣15, ␣16, ␤3, ␤4, ␤5, ␤6, ␤7, ␤8, ␤9, ␤10), like previously reported substrate-free structures of bacterial type 2 IDIs (24, 25) . A notable structural aspect is that ␣1, ␣8, ␣11, and ␣12 are located on the top face of the triose-phosphate isomerase barrel, forming a portion of the active site (Fig. 1C) . Large inter-subunit surfaces (3380 Å 2 per monomer) were observed among the four monomers (Fig. 1D) . The subunit interaction consists of ␤7, ␣8, ␣12, ␣16, ␣18, and the loop regions, ␤1-␣1, ␣12-␣13, ␣8-␣9, and ␤7-␣10, the structures of which are stabilized by the interaction. ␣8 and the loop region ␣8 -␣9 also contribute to formation of the active site; therefore, tetramer formation is required for construction of the active site.
Binding of the Substrate and Cofactor-The S. shibatae IDI tetramer contains four active sites, which are located inside the triose-phosphate isomerase barrel structure. The electron densities of FMN, and of IPP/DMAPP in the substrate-complex structures, were found in all substrate-binding sites in a tetramer (supplemental Fig. S1 ). However, apparent electron density for NADH was not observed in FreeIDI red ; although the structure was determined based on analysis of IDI crystals that had been soaked in NADH solution.
In all structures, well defined FMN electron densities were identified in a pocket surrounded by ␤-strands (␤3, ␤4, ␤5, ␤6, ␤7, ␤8, ␤9, and ␤10) that composed the triose-phosphate isomerase barrel structure and by ␣-helices (␣1 and ␣11). amides, are located at the C-terminal end of ␤-strands 9 and 10. These common phosphate-binding sites have been termed the "standard phosphate binding motif" (26) . The substrate-binding sites are located on the top of the triose-phosphate isomerase barrel and surrounded by helices (␣1, ␣4, and ␣8), loops (␤4-␣4, ␣8-␣9), and the isoalloxazine ring of FMN in the four complex structures. (Fig. 2C) . Additionally, a Mg 2ϩ ion, which is supported by His 155 , via a water molecule, and by Glu 161 , is also coordinated to the diphosphate moiety of the substrates. The ionic and hydrogen bonds that form among the diphosphate group, Mg 2ϩ ion, water molecules, and surrounding amino acid resides, seem to contribute significantly to substrate binding. The tight binding confronts the isopentenyl or dimethylallyl plane of the substrate with the si-face of the isoalloxazine ring of FMN.
Differences in Active Site Structures-Although the overall structures of the six forms of S. shibatae IDI are similar, significant differences exist among the structures of the active site. One difference accompanies substrate binding: the active site is open to bulk solvents in the FreeIDI and FreeIDI red structures, whereas it is closed in the other structures that are complexed with substrates (supplemental Fig. S2 ). This difference arises from changes in the orientation of ␣4 and loop region ␣8 -␣9. In addition to the interactions that result from substrate and Mg 2ϩ binding, hydrogen bond formation between Arg 98 (on ␣4) and Glu 168 (on loop ␣8 -␣9) would lead the conformational change that closes the aperture of the active site.
Another structural difference is due to the redox states of the enzyme. In the FreeIDI structure, the backbone nitrogen atom of Thr 68 is close enough to form hydrogen bonds with FMN N-5. Meanwhile, in the FreeIDI red structure, the main chain nitrogen of Thr 68 is positioned in the opposite direction, and the backbone carbonyl oxygen of Met 67 is within hydrogen-bond formation distance from FMN N-5 (Figs. 2B and 3A) . Conformational changes in the residues, which interact with FMN N-5, which were derived from differences in redox states were also observed in several flavoproteins, such as flavodoxin from Clostridium beijerinckii (27) . However, in all substrate-complex structures, the arrangements of the residues that were coordinated with FMN N-5 were similar to that in the FreeIDI red structure, even in the oxidized state (data not shown). It should be noted that isomerase reaction would proceed in the reduced substrate-complexes. Thus the substrates bound in the IPP-IDI red and DMAPP-IDI red structures are considered to be a mixture of IPP, DMAPP, and probably a reaction intermediate. However, both substrate conformation and interaction with surrounding residues in the substrate-complex structures were nearly identical, in both the oxidized and reduced states (Fig. 3B) .
Moreover, distortion of the isoalloxazine ring was observed in FreeIDI red , whereas the ring was more planar in FreeIDI (Fig.  S3) . In structural studies of flavoenzymes, reduction of flavin sometimes results in distortion (28) . Therefore, the conformational change in FMN and the loss of yellow color of the crystals (supplemental Fig. S4 ) are considered proof that FMN is in the reduced state in S. shibatae type 2 IDI. The reduction-induced conformational change in the isoalloxazine ring was not as obvious in the substrate-complex structures with lower resolution. When reduced, however, both the isoalloxazine ring of FMN and the isopentenyl or dimethylallyl plane of the substrates also twisted slightly, bringing them closer together (Fig. 3B) . 2ϩ is shown as a gray sphere. D, the tetramer structure is also shown in a ribbon model. All figures were produced using PyMOL (39) (www.pymol.org). Secondary structure was assigned by MOLSCRIPT (38) .
Alanine-scanning Mutagenesis-Concurrent with the structural investigations, mutagenic studies of type 2 IDI were also performed. Based on the previously reported structures of type 2 IDIs from Bacillus subtilis (Protein Data Band codes 1P0N and 1P0K (24)) and Thermus thermophilus (1VCF, 1VCG, and 3DH7 (29)), 15 charged or polar amino acid residues, which are highly conserved among known type 2 IDIs and likely to be in the active site, were selected for mutagenesis (Fig. 4A) . Each amino acid residue was replaced with alanine to determine the function of its side chain. In the solved structures of S. shibatae type 2 IDI, all of the mutated residues appeared to be in proximity of FMN and/or the substrates (Fig. 4B) . Wild-type IDI and all mutants, except for K193A, were purified as holoenzymes that tightly bound FMN. These results indicate that the mutations did not affect the proper folding of the enzyme. Only K193A was obtained as an apoenzyme that bound FMN with very low affinity; however, the CD spectra of K193A and wildtype IDI were nearly identical, indicating that the global structure of the mutant had not been altered by the mutation (data not shown). As shown in Fig. 4C (see also supplemental Table  S2 ), IDI activity was significantly reduced in most mutants compared with the wild-type enzyme. In particular, R7A, K8A, N157A, Q160A, E161A, and K193A showed significant loss of activity (less than 1% of wild-type enzyme activity), suggesting that the mutated residues are important for the enzyme reaction. In contrast, all mutants, except for K193A, retained more than ϳ20% NADH oxidase activity of wild-type S. shibatae IDI (supplemental Table S2 ), which is a subfunction of the enzyme observed in the absence of the substrate (18) . This result indicates that the significant inactivation of some enzymes for IDI reaction is not derived from the deficiency in the reduction of FMN by NADH. The inactivity of K193A is due to its inability to bind FMN. We also examined the K d values of each enzyme for FMN and IPP by measuring the change in tryptophan fluorescence intensity through titration (supplemental Table S2 ). None of the mutations, except for K193A, affected the parameters, indicating that, other than Lys 193 , the mutated amino acids were not critically involved in binding of either FMN or IPP.
DISCUSSION
Candidates for General Acid-Base Catalysts-In the substrate-enzyme complexes, IPP and DMAPP are bound very closely on the si-face of the FMN isoalloxazine ring, which means that rotation of their C-2-C-3 bonds during reaction is unlikely. During isomerization between IPP and DMAPP, proton exchange occurs selectively at C-2 and C-4 of IPP (the latter corresponds to E-methyl of DMAPP) (30, 31) . In addition, deprotonation and protonation at C-2 are reportedly pro-R stereospecific (31, 32) . These facts and the coordination of carbon atoms of the substrates justify the assignment shown in Fig. 3B . Thus, possible proton donors to the C-4 of IPP, and proton acceptors from the E-methyl carbon of DMAPP in the active site were explored. Based on the activestate IPP-IDI red structure, the N-5 nitrogen of FMN, which is located 3.60 Ϯ 0.10 Å from the C4 carbon of IPP (3.65 Ϯ 0.09 Å from the E-methyl carbon of DMAPP in DMAPP-IDI red ), appeared to be the most promising candidate. The N-1 nitrogen is another likely candidate, because it is located 3.81 Ϯ 0.09 Å from C-4 of IPP in the same structure (3.73 Ϯ 0.05 Å from the E-methyl carbon of DMAPP in DMAPP-IDI red ) and because the pK a of the N-1 proton of reduced flavin was reported to be ϳ7, which is in the physiological pH range (14, 15) . However, if FMN N-1 is the general acid-base catalyst, the strict specificity of deprotonation from the E-methyl group of DMAPP cannot be explained because the nitrogen is located nearly equidistance from C-4 and C-5 of IPP, which correspond to E-methyl and Z-methyl of DMAPP, respectively. It should be noted that FMN N-1 is closer than N-5 to IPP C-4 in the oxidized structures. The only other possible general acid-base catalyst deduced from the structural data is the carboxyl group of Glu 194 , which can interact with C-4 of IPP via the hydroxy group of Ser 195 . However, this possibility is implausible because the E194A mutant retained more than 15% activity of the wild-type enzyme and because the serine residue is not conserved among type 2 IDI homologues. The involvement of other amino acid residues in acid-base catalysis is unlikely because all the residues that can act as a general acid-base catalyst or can participate in a hydrogen-bond network are too far from C-4 of IPP or can be replaced by alanine without significant inactivation.
Next, we examined which molecule acts as the proton donor and acceptor for C-2 of DMAPP and IPP, respectively. The most plausible candidate that may catalyze the protonation of C-2 from the re-face of DMAPP (or deprotonation of the R-pro-ton of IPP) was, again, FMN N-5, which is located 3.19 Ϯ 0.07 Å from the C-2 carbon of IPP in the IPP-IDI red structure (3.27 Ϯ 0.04 Å from C-2 of DMAPP in DMAPP-IDI red ). Another possibility is FMN O-4 although its distance from C-2 of the substrates is relatively far (3.78 Ϯ 0.03 Å in IPP-IDI red ). The only candidate other than FMN was Lys 8 , which might interact with the C-2 carbon via a water molecule. Although this possibility was supported by the fact that the K8A mutation resulted in significant inactivation, the role of Lys 8 is implausible because the water molecule involved in the supposed hydrogen bond network is too distant from the C-2 carbon of IPP (ϳ4.5 Å in the IPP-IDI red structure). The water molecule is, rather, within hydrogen-bonding distance of the O-4 of FMN. This result suggests the possibility that Lys 8 activates reduced FMN as discussed later. All other amino acid residues in the enzyme obviously cannot act as a general acid-base catalyst for C-2 of IPP because they cannot access the reaction site with the pro-R specificity.
In summary, the data from our structural and mutagenic studies clearly showed that reduced FMN, not amino acid residues, acts as a general acid-base catalyst in the protonationdeprotonation mechanism. Thus, the role of reduced FMN as a stabilizer was completely refuted. Although the roles of FMN as acid and/or base have been suggested by other research groups, they expected simultaneous involvement of other general acidbase catalysts such as amino acid residues (9, 11, 33) . Type 2 IDI is the first case of a flavoenzyme in which flavin was shown to act as a general acid-base catalyst without any redox function.
Mechanistic Proposition-The N-5 nitrogen of FMN seems the most plausible candidate for the catalyst, whereas we could not completely exclude the possibility that other atoms of FMN, i.e. N-1 and O-4, might be involved in the catalysis. The role of FMN N-5 as the general acid-base catalyst has been considered unrealistic because the pK a for diprotonation of N-5 of reduced FMN is known to be Ϫ1.2 (on the other hand, that for deprotonation of N-5 is Ͼ20). However, it was recently suggested that formation of the zwitterionic species can raise it to Ն4, thereby explaining the role of N-5 in the physiological pH range (15) . In S. shibatae type 2 IDI, the pyrimidine ring of FMN is coordinated with Lys 193 , at N-1 and O-2, in both free and complex structures, and with Lys 8 via a water molecule, at O-4, in association with substrate binding. These interactions with positively charged residues would stabilize the negative charge in the pyrimidine ring, which might stimulate formation of the zwitterionic flavin species. Moreover, coordination of the backbone carbonyl oxygen of Met 67 might stabilize the positive charge at the N-5 nitrogen of reduced FMN, which is considered to be diprotonated in the zwitterionic species. Considering with the nucleophilic property of N-5 of reduced FMN observed in the reaction of UDP-galactopyranose mutase, generation of the zwitterionic flavin species seems possible. For chorismate synthase, Mclean and Ali (34) proposed both protonation-deprotonation and radical mechanisms based on the structural data; in the former, N-5 of FMN also acts as a general acid with no redox function. Although the role of flavin in chorismate synthase is still controversial, it is possible that the mechanisms of chorismate synthase and type 2 IDI have the same basis.
If the N-5 nitrogen can act as the acid-base catalyst in the reaction of type 2 IDI, probably by generating the zwitterionic flavin species, it is considered to monofunctionally catalyze (1,3)-suprafacial proton addition/elimination. Therefore, the reaction is likely to proceed via an intermediate, not in a concerted manner. The carbocation mechanism (Fig. 5A) , which resembles the reaction catalyzed by type 1 IDI, seems preferable to the carbanion-forming mechanism because the adduct formation between FMN and the epoxide substrate analogues such as eIPP is probably initiated by protonation of the epoxide oxygen, followed by nucleophilic attack by the N-5 nitrogen of reduced FMN (10, 16, 17) , and because the proximity (3.42 Ϯ 0.05 Å in the IPP-IDI red structure) of the O-␦ oxygen of Glu 160 to the C-3 carbon of substrates in the complex structures implies stabilization of the 3°carbocation by the carbonyl oxygen. However, it should be noted that 2-(dimethylamino)ethyl diphosphate, which strongly inhibits type 1 IDI (K I Ͻ 10 Ϫ10 M when K m for IPP Ͼ 10 Ϫ6 M) as a transition state analogue (35, 36) , is a relatively mild inhibiter (K I ϭ 5.1 ϫ 10 Ϫ9 M, when K d for IPP ϭ 4.4 ϫ 10 Ϫ9 M) for type 2 IDI from T. thermophilus (9) . Alternatively, if the N-5 nitrogen cannot act as the acid-base catalyst, the N-1 nitrogen and O-4 oxygen are likely to act as a pair of acid/base, along with the tautomeric rearrangement of reduced flavin. In this case, the concerted mechanism (Fig. 5B) can be imagined, whereas the formation of an intermediate is also possible. The probable interaction with Lys 8 via a water molecule might assist the protonation of FMN O-4. By this mechanism, however, it seems difficult to explain the strict specificity toward E-methyl, over Z-methyl, of DMAPP for proton exchange (30, 31) , the complete inactivation of type 2 IDI reconstituted with 5-deaza-FMN (7, 8) , and the adduct formation of substrate analogues such as eIPP with reduced FMN at its N-5 nitrogen (10, 16, 17) .
Whichever is correct, both mechanisms we proposed for type 2 IDI are obviously distinct from the established one for human type 1 IDI (37) because of their suprafacial and antarafacial nature, respectively. This fact strongly suggests that type 2 IDIs from many pathogens, including methicillin-resistant Staphylococcus aureus and vancomycin-resistant Enterococcus, are good targets for the design of new drugs.
